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Work conducted from August 1,1992 until November 30,1996 under support from the Air Force 
Arnold Engineering Development Center (AEDQ, followed by continuing support from the Air 
ForceResearchLabc«torythroughSepL30,1998,h^^ .    . A 

development of a new concept which is expected to extend the range of practical hypersonic wind 
tunnel testing from approximately Mach 8 to Mach 12 and beyond. This project, which under 
Arnold Air Force Base sponsorship was called "A New Concept for a Hypersonic Wind Tunnel, 
and under AFRL sponsorship was titled, "The Princeton Radiatively-DrivenHypersomcWind 
Tunnel," has been a collaborative effort involving substantive participation from the National 
Institute for Standards and Technology (NIST), Lawrence Livermore National Laboratories 
OLLNL), Sandia National Laboratories (SNL), the High Energy Laser System Test Facility at 
White Sands (HELSTF), General Atomics Corporation (GA), CPI/Varian, Boeing, and several 
groups in Russia, including the Institute for Hydrodynamics in Novosibirsk, the Avogadro 
Center, and TSAGI. Final reports from those collaborative efforts are included in Appendix 1 in 

this document 

Figure 1 is a block diagram indicating the various components of the Hypersonic Wind Tunnel 
program. The funding from AEDC and from AFRL supported fundamental research and concept 
development tasks which are represented in the lower portion of Fig. 1. Early in the project it 



became clear that the ultimate performance of the wind tunnel would be limited by the pressure 
attainable in the plenum section. Modeling of the tunnel performance required that the equation- 
of-state of air be extended beyond the range where experiments have been made and into the 
region of ultrahigh pressure on the order of 20,000 atm and beyond. That work was done through 
collaborations with NIST, as well as with groups in Russia. The practical limit of high pressure 
technology, including the identification of various design concepts for achieving ultrahigh 
pressure for significantly long (many seconds) run times, led to the participation of the Institute of 
Hydrodynamics in Russia and Lawrence Livermore National Laboratory to examine the 
possibility of using "conventional" hydraulically-driven pressure intensifying approaches, and to 
the participation of the Avogadro Center in Russia to explore unconventional approaches 
including explosively-driven concepts. In addition, some work was undertaken in collaboration 
with Lawrence Livermore and the Institute for Hydrodynamics to study the survivability of 
various nozzle materials. 

In order for this wind tunnel concept to operate successfully, a major fraction of the energy must 
be coupled into the flow downstream of the throat in the supersonic regime. This coupling must 
be accomplished in a uniform and stable manner in order to avoid unacceptable fluctuations of 
flow properties at the hypersonic test location. Since the air is in high speed motion, the energy 
can only be added by radiative or particle beam processes. Three such processes were identified 
and researched in this project These included: lasers, microwaves, and electron beams. 

After exploring the projected availability of high power laser systems and various energy 
coupling mechanisms, it was determined that the most promising laser-based approach was to use 
the high power hydrogen-fluoride laser which would deposit its energy into the air through 
excitation of, carbon dioxide molecules. Early work in the program addressed the spectral overlap 
of the hydrogen-fluoride laser with the carbon dioxide molecular absorption, particularly at the 
high temperatures and pressures encountered in the nozzle. This work included a series of 
experiments conducted at the NIST Laboratory in Gaithersburg, over temperature ranges from 
room temperature to 1,000 K, and pressure ranges from atmospheric pressure to 1,000 atm. 
Simultaneously, a new theoretical approach was developed to predict pressure narrowing and 
other effects which occur under these conditions. Also associated with the laser research was a 
collaboration with Sandia National Laboratories exploring the potential of developing nuclear- 
pumped lasers that might also be appropriate for this application. In addition, the collaboration 
with the HELSTF facility at the White Sands proving ground was established with the 
expectation of using their chemical laser systems for laser energy addition tests. The HELSTF 
laboratory undertook a modification of their 10 KW deuterium-fluoride laser system to convert it 
to hydrogen-fluoride for this application, however, that conversion was not completed during the 
requisite contract period. 

In order to establish the viability of predictably and uniformly adding energy to a high speed flow 
using a laser system, an experiment was conducted at Wright Laboratory using the 10 KW 
carbon-dioxide laser system at their LHMEL facility. This radiation is in the vicinity of 10.6 
microns, rather than the 2.7 microns associated with the hydrogen-fluoride laser, and is not 
absorbed by any naturally occurring molecules in air at low temperatures. The air flow was, 
therefore, seeded with sulfur-hexafluoride to allow energy deposition to occur. The results 
showed approximately 10% change in Mach number, which was temporally and spatially stable, 
as predicted, and validated the concept of controllable energy addition to supersonic air flows. 

Microwave energy addition was explored through collaboration with General Atomics and with 
CPI Varian Associates, Boeing Corporation, and Livermore National Laboratories. Early in this 
work, the oxygen absorption at 60 GHz was identified as a candidate for energy addition. It 



became clear, however, that this absorption is too weak to allow significant energy deposition 
into air with reasonable microwave fields. The possibility of increasing the conductivity of air 
using high energy electron beams has been considered, but has been temporarily set aside because 
of the high e-beam power required and the system complexity. Furthermore, the complexity of 
coupling the microwave fields into the high pressure air flow was identified to be a major 
technological challenge. In contrast to lasers, microwaves cannot be brought in from the low 
pressure test section region since microwave radiation causes breakdown in low pressure air. 
Various alternative schemes to bringing microwaves, including aerodynamic windows, in through 
the walls were proposed and explored in detail by General Atomics. An alternative approach of 
bringing the microwaves in through the plenum section is currently being examined under 
separate funding at Princeton University, but is probably not feasible given the constraints of the 
ultrahigh pressure plenum engineering. The absence of a promising mechanism for energy 
deposition and the difficulties of coupling high power microwave radiation into the nozzle have 
led us to set microwave radiation aside, for the time being, as a practical approach for energy 
addition. 

The concept of using electron beams for energy addition was not initially explored in detail since 
it was feared that the electron beams would cause significant chemistry to occur in the air and 
lead to a degradation of the flow quality. Given the many advantages of electron beams, not the 
least of which is the potential availability of high power electron beam sources, this degradation 
of the flow quality may be a secondary factor. It is also important to recognize that the electron 
beam can be steered and focused into the nozzle using magnetic fields, a control factor which is 
not available in the case of lasers or microwaves. Under Air Force Research Laboratory support, 
the possibility of using electron beams for energy addition has been explored in depth, in close 
collaboration with Sandia National Laboratories. This has now led to a series of experiments that 
were conducted last summer at Sandia National Laboratories demonstrating that electron beams 
could be used as a driver for this wind tunnel concept. 

The major emphasis of both the AEDC-sponsored and the AFRL-sponsored program has been to 
develop a computational model that is capable of predicting the performance of a practical scale 
radiatively-driven hypersonic wind tunnel. This modeling effort has two primary components. 
The first is a fully coupled, one-dimensional inviscid model that is used to predict ideal wind 
tunnel performance and to establish performance limitations associated with this wind tunnel 
concept The second model is a fully coupled, time-dependent, two-dimensional CFD code that 
includes optical ray tracing and turbulent boundary layer. These codes have been used in an 
iterative manner to design both the laser and electron beam energy addition experiments. In the 
case of the electron beam experiments, the iteration has required separate computational steps at 
Sandia National Laboratories using their Monte-Carlo electron beam trajectory codes for energy 
deposition. The experiments are largely directed towards proof-of-principle and code validation 
with a particular emphasis on the stability and uniformity of the laser- or electron beam-driven 
flow field. 

A very important area of concern has been the understanding of what happens near the wall both 
in the throat and through the nozzle sectioa The ray tracing models suggest that the boundary 
layer refracts the laser beam away from the wall and back into the core of the flow because of the 
index-of-refraction gradient associated with the high temperature and resulting low density near 
the wall. While this process may serve to keep direct laser heating of the wall to a minimum, the 
very high stagnation enthalpy of the flow itself is of great concern. Such issues as the boundary 
layer growth rate, the recovery temperature, and thermal transport have not yet been studied. 
During this contract period, however, a 3,000 atm blow-down facility was constructed and tested 
at Livermore National Laboratories as a test bed for boundary layer growth and heat transfer 



studies. Preliminary blow-down experiments were conducted at Livermore in order to establish 
safety criteria and determine the performance of the flow initiation and timing mechanisms. That 
facility has now been transferred to Princeton University where experimental studies are expected 
to begin soon. 

The major accomplishments of this program are summarized in Steering Committee presentations 
and in papers which have been published primarily in conjunction with AIAA Technical 
Meetings. Copies of viewfoils presented to the Steering Committee are included in this report as 
Appendix 2, and copies of papers are reproduced in Appendix 3. The major outcome of this work 
has been to establish the viability of the Radiatively-Driven Hypersonic Wind Tunnel Concept, 
and to develop the computational models which can be used to predict the performance of such a 
facility for practical applications. 
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